Abstract Lipid homeostasis is essential for proper function of cells and organisms. To unravel new regulators of this system, we developed a screening procedure, combining RNA interference in HeLa cells and TLC, which enabled us to monitor modifications of lipid composition resulting from short, interfering RNA knock-downs. We applied this technique to the analysis of 600 human kinases. Despite the occurrence of off-target effects, we identified JNK2 as a new player in triglyceride (TG) homeostasis and lipid droplet metabolism and, more specifically, in the regulation of lipolysis. Similar control of the level of TGs and lipid droplets was observed for its Schizosaccharomyces pombe homolog, Sty1, suggesting an evolutionary conserved function of mitogen-activated protein kinases in the regulation of lipid storage in eukaryotic cells.-Grimard, V., J. Massier, D. Richter, D. Schwudke, Y. Kalaidzidis, E. Fava, A. Hermetter, and C. Thiele. siRNA screening reveals JNK2 as an evolutionary conserved regulator of triglyceride homeostasis.
Over the past decades, pathologies such as obesity and atherosclerosis have become major health concerns in Westernized societies (1) . These pathologies often result from dysregulation of lipid intake and metabolism resulting from the overly rich diet that has become standard in our societies and, increasingly, in developing countries (2) .
Considering the wide variety of lipids and the dynamics of their metabolism, it is clear that tight regulatory systems are necessary to maintain lipid homeostasis. Several such systems have already been unraveled. Among them is the sterol-regulatory element binding protein pathway, which is responsible for sensing cholesterol levels and for regulation of cholesterol and fatty acid biosynthesis (3) . Several nuclear hormone receptors have also been linked to lipid regulation, in particular, the members of the peroxisome proliferator-activated receptor and liver X receptor subfamilies (4-7). These proteins are transcription factors that are activated upon interaction with small lipophilic molecules such as fatty acids and oxysterols, respectively (8) . More recently, several micro-RNAs, small regulatory RNA molecules, have been linked to lipid homeostasis, both in Drosophila and in mice (9) (10) (11) (12) .
However, considering the complexity of the system, it is highly expected that other proteins involved in the regulation of lipid homeostasis still need to be found. The discovery of RNA interference (RNAi) as a tool to specifically decrease the expression level of any gene (13, 14) has opened up new possibilities for large-scale analysis of gene function (15, 16) . Kinases have already been implicated in the regulation of numerous cellular processes but are still under-represented in the field of lipid metabolism. Therefore, we set up a screening procedure, combining RNAi and lipid analysis using TLC, to monitor changes in lipid metabolism upon specific gene knock-down induced by short interfering RNA (siRNA). This method was then used to study 600 kinases, and the best candidates were further characterized, giving rise to the identification of c-jun N-terminal kinase 2 (JNK2) as a new regulator of triglyceride (TG) metabolism. Further studies of the homolog of JNK2 in Schizosaccharomyces pombe, Sty1, revealed that this process is evolutionary conserved in eukaryotic cells.
MATERIALS AND METHODS

Materials
High-glucose DMEM, Opti-MEM, FBS, and trypsin were obtained from Gibco (Karlsruhe, Germany). Delipidated FBS was prepared as described previously (17) . Oleate was from Acros (Geel, Belgium). [ 14 C]acetate was obtained from Amersham (Freiburg, Germany) and [ 3 H]oleate from Hartmann Analytic (Braunschweig, Germany).
The siRNA kinase library was obtained from Ambion (Austin, TX). Other siRNAs were also from Ambion, unless otherwise indicated, and are described in Table 1 .
Real-time PCR primers were from Biospring (Frankfurt, Germany). Sequences can be found in Table 2 . Rabbit polyclonal antibody against IKK1 was from Santa Cruz (Heidelberg, Germany). HRP-conjugated donkey anti-rabbit IgG secondary antibody was from Jackson Immunological (West Grove, PA).
Sty1 deletion strain of S. pombe ( JM1160, L972 h 2 sty1::ura4 leu1-32 ura4-D18 ade6) and its parent wild-type strain (PR109, L972 h 2 leu1-32 ura4-D18) were a kind gift from Dr. J. B. Millar (University of Warwick, UK).
Cell culture
HeLa cells and A431 cells were cultured in DMEM supplemented with 10% FBS. Cells were passaged regularly using trypsin to maintain them in exponential growth phase and were tested for the absence of mycoplasma on a regular basis. ACAT1  4490  Ambion  NM_003101  siRNA1  ACAT1  4586  Ambion  NM_003101  siRNA2  ACAT1  4679  Ambion  NM_003101  siRNA3  CSF1R  641  Ambion  NM_005211  siRNA1 (screen), O1  CSF1R  642  Ambion  NM_005211  siRNA2 (screen), O2  CSF1R  643  Ambion  NM_005211  siRNA3 (screen), O3  CSF1R  146601  Ambion  NM_005211  siRNA1 (new), N1  CSF1R  146602  Ambion  NM_005211  siRNA2 (new), N2  CSF1R  146603  Ambion  NM_005211  siRNA3 ( ACAT1  CACGTTCCTGGACTTGTCGTTAC  TCAGGGAGCTACCCAATCTTCA  GAPDH-1  TCGACAGTCAGCCGCATCT  CCCCATGGTGTCTGAGCG  GAPDH-2  CAAGGTCATCCATGACAACTTTG  GGCCATCCACAGTCTTCTGG  Tubulin  ACTGGCATCCTGCTTTCCAGT  GGCTCTGTAGCTCCCCATGTACT  IKK1  CAAGATGGGGAGACTTCAGC  ATTGCCCTGTTCCTCATTTG  TRIO  AAGCAGCAGCAGTAGCAACA  TTTGAACGACCTCTCCTTGG  RIPK4  AGGATGAGGACCAGTGGACA  GAGGCGTTCTTCTCCAACAG  JNK2 CTGCGTCACCCATACATCAC CTTTCTTCCAACTGGGCATC
siRNA transfection
Four thousand HeLa cells were plated in 80 ml growth medium in each well of a 96-well plate 20 h before transfection. Oligofectamine (Invitrogen, Karlsruhe, Germany) was mixed with Opti-MEM medium in a 1:6.5 ratio and incubated for 5 min. For each well, a mix of 10 pmol siRNA in 17 ml Opti-MEM medium and 3 ml of the oligofectamine mix was prepared. This was incubated for 20 min to allow formation of the cationic liposome-RNA complex and then added to the cells. For the screen, the transfection procedure was automated and performed on a Tecan Freedom Evo workstation (Tecan, Mannedorf, Switzerland) under sterile conditions. Growth medium was exchanged 48 h after transfection for 100 ml DMEM medium supplemented with 10% delipidated FBS. For lipid analysis by TLC, 2 mCi [ 14 C] acetate was added in each well 56 h after transfection. Lipid extracts or cells were harvested 72 h after transfection.
One-phase lipid extraction and TLC analysis
Lipids were extracted directly from the wells of a 96-well plate using 15 ml MeOH-CHCl 3 (5:1) and applied onto silica 60 TLC plates (Merck, Darmstadt, Germany). The plates were developed in a glass chamber containing EtOH-water-triethylamine-CHCl 3 (5:1:3.5:3.5) up to two-thirds of the plate, dried, and then further developed with hexane-ethylacetate (5:1) up to the top of the plate (18) . TLC plates with radioactive samples were exposed on a phosphorimager plate for 1 to 3 days and subsequently read using a phosphorimager BAS1800II (Fuji, Dusseldorf, Germany).
Lipid profile comparison and quantification
For analysis of the TLC plates, the radioactive signal obtained with the phosphorimager was initially analyzed using Image Gauge (Fuji). Individual lipid intensity profiles were recovered via this software and then transferred to Graph Explorer (19) . For profile comparison, lipid intensities were normalized to the level of phosphatidylcholine (PC). The choice of PC rather than total radioactive counts was necessary to avoid the contribution of free radioactive acetate, which may vary from one sample to another. Because PC is the most abundant peak and did not seem to vary among the samples, we opted for this peak for normalization. When necessary, alignment of the profiles was also performed. For quantification of the TG and cholesteryl ester (CE) levels in acyl-CoA:cholesterol acyltransferase 1 (ACAT1) knock-down, the peaks corresponding to TG and CE were fitted using Gaussian curves. The area below the different curves was retrieved, and the TG/CE ratio was normalized to the ratio of the nontransfected negative control.
Clustering
The different phenotypes were first converted into a numerical representation. For each lipid peak, a phenotype readily visible on the TLC plate was assigned a value of 3, and a phenotype revealed by profile comparison was assigned a value of 2. The numerical table was loaded into CUPID (Scionix, Dresden, Germany) and clustered by k-means clustering using Pearson correlation. Annotation was performed using CUPID and corrected manually when needed.
Treatment with parthenolide
For inhibition of IKK, parthenolide (Biomol International, Exeter, UK) was added to the cells at the indicated concentrations, followed by the addition of 2 mCi [ 14 C]acetate after 6 h. Lipid extraction and TLC analysis were performed after 24 h.
Treatment with SP600125
For inhibition of JNK2, SP600125 (Sigma, St. Louis, MO) was added to the cells at a final concentration of 5 mM, followed by the addition of 2 mCi [ 14 C]acetate after 6 h. Lipid extraction and TLC analysis were performed after 24 h.
Oleate feeding
Oleate was added to the cells 4 h after transfection, to a final concentration of 50 mM. In addition, 1 mCi of [ 3 H]oleate was added as a tracer in each sample. Lipids were extracted as described above 48 h after transfection and separated by TLC. The TLC plate was then dipped in LumaSafe solution (Lumac LSC, Groningen, The Netherlands) and exposed on MP films (Amersham) for 6 h at 280°C.
NBD-HEP treatment
siRNA-transfected cells were treated with 1 nmol/well (10 mM) of NBD-D-HP 48 h after transfection. [ 14 C]acetate (2 mCi) was added in each well 56 h after transfection. Lipids were extracted 72 h after transfection and separated by TLC as described above.
MS
Lipid extracts were obtained 72 h after siRNA transfection. Lipids were extracted using 100 ml MeOH-CHCl 3 (5:1). The extract was transferred to a 1.5 ml Eppendorf tube (Eppendorf, Hamburg, Germany). Chloroform (100 ml) and 100 ml H 2 O were added, and tubes were thoroughly vortexed, then centrifuged at 1,000 g. The organic phase was transferred into a new tube and dried down in a SpeedVac. Samples were then resuspended in 100 ml MeOH-CHCl 3 -isopropanol (2:1:4) supplemented with 7.5 mM ammonium acetate. MS analysis was performed on a LTQ Orbitrap (ThermoElectron, San Jose, CA) equipped with a NanoMate HD robotic nanoflow ion source (Advion BioSciences, Ithaca, NY) with a 4.1 mm nozzle diameter chip. NanoMate HD was operated in positive-ion mode at an ionization voltage of 1.05 kV and gas pressure of 1 psi. A list of peaks was then retrieved using Qualbroser 2.0 (Thermo Fischer Scientific, Bremen, Germany). The average intensity of every sample was calculated using the intensity of the most abundant lipid species, PC 34:1, and used for normalization.
RNA extraction and real-time PCR
RNA was isolated using the RNeasy kit (Qiagen, Hilden, Germany) according to the manufacturerʼs protocol. For each sample, the contents of three wells were pooled. To remove DNA contamination, 10 units RNase-free DNase I (Boehringer Ingelheim, Ingelheim, Germany) was added to each sample in a 103 DNase buffer (0.4 M Tris, 0.1 M NaCl, 60 mM MgCl 2 in RNase-free water, pH 7.5) and incubated for 30 min at 37°C, followed by 20 min at 65°C, cooled on ice and spun down. RNA was heated to 70°C for 10 min to destroy secondary structures, cooled on ice, and spun down. Reverse transcription was carried out according to the manufacturerʼs protocol (Promega, Mannheim, Germany). For real-time PCR, cDNA was mixed with a 23 SYBR green mix (ABgene, Hamburg, Germany) and forward and reverse primer mix (250 nM final each) to a final volume of 10 ml. Primers are listed in Table 2 . Real-time PCR was carried out on an Mx3000 instrument (Stratagene, Amsterdam, The Netherlands). The housekeeping genes tubulin or GAPDH were used for normalization. were separated by SDS-PAGE and transferred onto nitrocellulose using a semi-dry blot system (Bio-Rad, Munich, Germany). Blocking was performed overnight at 4°C in PBS supplemented with 0.2% Tween 20 and 5% milk. Incubations with both primary and secondary antibodies were performed at room temperature for 1 h in the same solution as for the blocking. After each antibody incubation, blots were extensively washed in PBS supplemented with 0.2% Tween 20. Signal was detected using ECL (Amersham).
SDS-PAGE and Western blotting
BODIPY 493/503 staining and microscopy
Four thousand A431 cells were plated in 400 ml growth medium in each well of a 24-well plate 20 h before transfection. For each well, 14 pmol siRNA was mixed with 100 ml Opti-MEM medium and 6 ml Hiperfect (Qiagen, Hilden, Germany). The siRNA mix was incubated for 10 min to allow formation of the cationic liposome-RNA complex and then added to the cells. Forty-eight hours after transfection, growth medium supplemented with 20 mM oleate or with DMEM supplemented with 10% delipidated FBS was exchanged for the growth medium. Seventy-two hours after transfection, cells were washed once with PBS and fixed with 5% formaldehyde in PBS for 1 h at room temperature. Cells were washed once again with PBS, and BODIPY 493/503 (MoBiTec, Götingen, Germany) was added to the cells at a final concentration of 2 mg/ml. Staining was performed in the dark for 1 h at room temperature. After extensive washes with PBS, cells were mounted on slides using 6 ml Mowiol (CalBiochem, La Jolla, CA). Images were acquired on a Zeiss Axiovert 200 inverted confocal microscope ( Jena, Germany) equipped with a 633 Plan-Apochrom oil objective.
S. pombe culture S. pombe cultures were grown in Edinburgh minimal medium supplemented with 225 mg/l uracil, adenine, and L-leucine (Sigma) (20) , either on an agar plate at 30°C or in liquid cultures in a shaking incubator at 30°C and 200 rpm.
Nile Red staining and microscopy S. pombe pellets were obtained by centrifugation of 2 ml culture, resuspended in 0.5 ml PBS supplemented with 3 mg Nile Red (Sigma) and incubated for 10 min in the dark at room temperature and 1,000 rpm. Cells were washed twice with PBS and resuspended in 200 ml PBS. Two microliters were used for microscopy. Images were acquired on an Olympus AX70 upright microscope (Hamburg, Germany) equipped with a 1003 UplanApo oil objective and a CCD camera controlled by Metavue software (Universal Imaging Corporation, Downingtown, PA).
S. pombe lipid extraction and TLC
[ 3 H]oleate (1 mCi/ml) was added to the yeast culture 3 h before lipid extraction. S. pombe pellets were obtained by centrifugation of 5 ml culture and washed twice with H 2 O. The pellets were then resuspended in 1 ml MeOH-CHCl 3 (2:1). Samples were homogenized using vigorous beating in the presence of glass beads (Sigma) for 2 min. After centrifugation, supernatants were transferred into new tubes with 400 ml of 50 mM citric acid and 600 ml CHCl 3 . The organic phase was transferred to a new tube and evaporated under a nitrogen stream. Lipids were then resuspended in 30 ml MeOH-CHCl 3 (2:1) and were separated by TLC as described above. The TLC plate was then dipped in LumaSafe solution (Lumac LSC) and exposed on MP films (Amersham) for 16 h at 280°C. Fig. 1 . Schematic representation of the method. HeLa cells were transfected with short interfering RNA (siRNA) against controls and various kinases. After 56 h, medium was exchanged for a delipidated medium and radioactive acetate was added. After another 16 h, lipids were extracted and separated by TLC, followed by identification and quantification of radioactive lipid classes.
RESULTS
A screen to unravel lipid homeostasis
The absence or mutation of a gene implicated in lipid homeostasis affects the lipid composition of a cell. Therefore, we designed a method to monitor these changes by combining RNAi with TLC analysis of lipid extracts obtained 3 days after transfection of HeLa cells. To visualize lipids, cells were fed 16 h before extraction with radioactive acetate, the building block of all major lipids. Consequently, its incorporation allowed the radioactive detection of the newly synthesized lipids. Furthermore, to promote lipid synthesis and increase the signal, cells were transferred to a growth medium containing serum devoid of lipids. A schematic representation of the method can be found in Fig. 1 .
Appropriate controls are essential in the design of large-scale experiments. As negative controls, we used mock transfection as well as transfection with an siRNA targeting the neomycin resistance gene, or scrambled siRNAs (S2, S5, and S6), which do not target any gene in the genome. ACAT1 was selected as a positive control. This enzyme is responsible for the esterification of cholesterol. We tested the efficiency of three independent siRNAs targeting ACAT1 by monitoring the decrease in mRNA level after RNAi by real-time PCR (see supplementary Fig. IA) . Two of the three siRNAs tested, as well as a pool of the three sequences, induced a decrease of the mRNA level by more than 80%. Using TLC, we observed a strong decrease in the CE level for the same sequences (see supplementary Fig. IB, C) , confirming that ACAT1 could be used as a positive control for this screen. In addition, to measure transfection efficiency, the previously characterized eg5 gene was selected (21, 22) . This gene encodes for a kinesin-related protein implicated in mitosis. Upon knock-down, cells arrest in mitosis and ultimately die. This results in the absence of a radioactive signal on the TLC plate. We also confirmed, by both TLC and MS, that no significant variation in lipid composition was induced by the lipophilic transfection reagent alone (data not shown).
The screen was performed using an siRNA library, designed by Ambion, which targets 600 kinases, each of them with three siRNA sequences. Individual siRNA sequences vary in efficiency in a manner not yet fully understood (21, 23, 24) . To ensure a high efficiency for each kinase, interference was achieved using a pool of the three individual sequences. We hypothesized that at least one of these would be sufficiently potent to reach a good knockdown efficiency, as suggested by the observations made using ACAT1 siRNAs (see supplementary Fig. IA) . The screen was carried out in a 96-well plate format, although only the 60 internal wells of the plates were used, to avoid unspecific effects related to medium evaporation in the external wells. Each row contained either a well transfected with the pool of ACAT1 siRNAs, used as a positive control, or a well mock-transfected as a negative control. Because samples from two subsequent rows were applied on one TLC plate, each TLC plate contained at least a positive and a negative control. In addition, several wells 14 C-labeled lipids were visualized by exposure to a phosphorimager plate. Samples loaded on this plate were treated with the following siRNAs: 1), CKB; 2), CKM; 3), CKMT1; 4), CKMT2; 5), CSF1R; 6), DCK; 7), DGKA; 8), DGKB; 9), DGKD; 10), ACAT1; 11), DGKQ; 12), DGKZ; 13), DGUOK; 14 ), KFZP586B16; 15 ), DTYMK; 16 ), EKI1; 17 ), FLJ10761; 18), FLJ10842; 19), FLJ11149; 20), mock transfection. CE, cholesteryl ester; DAG, diacylglycerol; Chol, cholesterol; Cer, ceramide; CL, cardiolipin; GlcCer, glucosyl ceramide; PE, phosphatidylethanolamine; PI, phosohatidylinositol; GM, ganglioside GM3; PC, phosphatidylcholine; SM, sphingomyelin; TG, triglyceride. dispersed in the plates were transfected with either the positive control, eg5, or the negative control, S2.
Lipid extracts from the siRNA-transfected cells were then separated by TLC. A sample TLC plate is shown in Fig. 2 . Each plate contains both the positive control ACAT1 and the negative mock-transfection control (Fig. 2, lanes  10 and 20, respectively) . The other samples were derived from the kinase knock-downs or other controls. High reproducibility was observed between the triplicates (see supplementary Fig. II) . Out of the 600 kinases, 35 were identified whose knock-down induces a modification of lipid composition readily visible on the TLC plate. The levels of cholesterol or TG were primarily affected in these knock-downs. For further analysis, the radioactive signal from each lane of the TLC was extracted as a lipid intensity profile (Fig. 1, last step) . These profiles were normalized to the level of PC and superimposed using the program Graph Explorer (19) , in order to compare the intensities of the lipid bands. This analysis extended the number of gene knock-downs inducing a phenotype to 91. Fig. 3 . Clustering of the 91 phenotypic lipid profiles generated by the screen of 600 human kinases. Clustering, which was performed using the program CUPID and Pearson correlation, generated 10 phenotypic clusters. Phenotypes were described as increased (green) or decreased (red) in lipid classes or ratios. Annotation was performed using CUPID and corrected manually when needed. TAG, triacylglycerol.
The kinases were then clustered according to lipid profiles of the respective siRNA knock-down (Fig. 3) , and 10 phenotypic classes characterized by their lipid phenotype were identified. It must be noted that no correlation was observed between the kinase groups generated by the clustering and the kinase subfamilies. This suggests that different members of the same family of kinases are implicated in different biological processes, whereas several kinases from different families can act together or independently in a specific regulation process.
Among the phenotypes observed, several siRNAs induced a decrease in cholesterol and the appearance of an additional lipid band running slightly further than cholesterol (example for CSF1R on Fig. 2, lane 5) . This band could be due to the accumulation of an intermediate of cholesterol biosynthesis. The TLC migration of several sterols was then monitored (data not shown). Among the sterols tested, the methylated sterols lanosterol and lophenol showed migratory properties similar to those of the new lipid band. On the basis of the biosynthetic pathway of cholesterol in humans, this new band is likely to be the result of the accumulation of the tri-or dimethylated precursors of cholesterol biosynthesis (lanosterol or demethyllanosterol, respectively).
Off-target effects
Because of the importance of cholesterol in cellular functions, we decided to further analyze the genes showing the strongest cholesterol/methylated sterol phenotype. For the four kinases selected, a new set of three siRNAs of different sequences was used to validate these results (for TRIO, only one new sequence previously characterized was used). However, for all the genes tested, although the phenotype could be reproduced using the pool of sequences used during the screen (Fig. 4A, black arrows) , there was no new lipid accumulating after treatment with (Fig. 4A, gray arrows) . This strongly suggested that the phenotype observed during the screen was sequence dependent. To check whether the difference in phenotypes could result from the variation in silencing efficiency between the sequences, mRNA levels of the corresponding genes were measured using realtime PCR after siRNA treatment (Fig. 4B) . However, for most of the genes tested, the new set of sequences (gray bars) induced a stronger decrease in mRNA level than the sequences used during the screen (black bars). Therefore, the loss of phenotype observed could not result from a decreased silencing efficiency. The phenotype and mRNA level were also analyzed after treatment with individual siRNA sequences. As an example, the lipid phenotypes obtained using siRNAs targeting IKK1 are shown in Fig. 5A . Out of the six sequences tested, only two induced the accumulation of the new lipid band, confirming the sequence dependency of the phenotype. The silencing efficiency of these siRNAs was then monitored both at the mRNA level by real-time PCR and at the protein level by Western blots (Fig. 5B, C) . At the mRNA level, the best knock-down was observed for the individual sequence O 2 , although this sequence did not induce any lipid phenotype. In Western blot, no proteins were detectable after treatment with any of the siRNAs against IKK1, suggesting a strong silencing potency of all the sequences against this protein, even if the silencing at the mRNA level was not complete. This suggests that another silencing mechanism, other than mRNA cleavage, may also take place. Furthermore, this rules out the possibility that the difference in lipid phenotype observed could be due to a variation in protein silencing. Finally, HeLa cells were treated with parthenolide, a known inhibitor of IKK1 (25) . Upon increasing the concentration, parthenolide induced cell death, but no accumulation of a new lipid band or decrease in cholesterol (Fig. 5D) .
This leads to the conclusion that the lipid phenotype observed was not due to a decrease in the targeted genes, but probably to the decrease of another yet-unidentified gene, a phenomenon known as off-target effect (26) .
Analysis of a wider set of genes was then carried out. This set included two kinases whose knock-down induced a strong decrease in one sphingomyelin band, and twelve kinases whose knock-down induced an increase in TG. As for the previous kinases, for all genes tested but one, only one or two siRNA sequences were responsible for the lipid phenotype observed, and, when tested, no correlation could be found between the phenotype observed and the decrease in mRNA level (data not shown).
JNK2 as a modulator of lipid droplet metabolism
Among the siRNAs tested, three out of six sequences directed against the mitogen-activated protein kinase (MAPK) JNK2 induced an increase in TG (Fig. 6A) as well as a weak decrease in diacylglycerol (DAG). This result was further confirmed using a fourth sequence from another company (data not shown). Moreover, SP600125, an inhibitor of JNK (27) , also induced an increase in TG, further suggesting the specificity of the phenotype (Fig. 6C) . As seen in Fig. 6A , one of the siRNA sequences also induced an increase in the level of another storage lipid, CE. To date, we cannot distinguish between an off-target effect of this sequence or a physiological relevance for the concomitant increase of these two classes of storage lipids. 14 C-labeled lipids were visualized by exposure to a phosphorimager plate.
The phenotype was then further confirmed by independent methods. The increase in TG was monitored upon oleate feeding and radioactive oleate labeling for the JNK2 knock-down versus the controls (Fig. 6B) . This experiment confirms that the phenotype is independent of the lipid availability of the cells, because the increase in TG is visible both in lipid-free conditions, i.e., during the screen, and in lipid-rich conditions, as shown in Fig. 6B . Intracellular TG is found in specific organelles called lipid droplets (28) . These organelles can be specifically labeled using the lipid droplet dye BODIPY 493/503 (29) . Upon JNK2 knock-down, we observed an increase in BODIPY 493/503 staining in lipid-free conditions (Fig. 7, upper  row) , whereas almost no lipid droplets were present in wild-type cells under these conditions. Although weaker, this effect was also observed in lipid-rich, i.e., oleate-fed, cells (Fig. 7, lower row) .
Finally, we used lipid MS to monitor the phenotype. MS using the LTQ Orbitrap allowed, on the basis of accurate mass measurements, the monitoring of 90 lipid species, or at least the sum of the isobaric species (30), distributed in seven lipid classes (data not shown). Only the relative abundance of TG species was significantly perturbed upon treatment with siRNA against JNK2 (Fig. 8, compare black bars vs. open and gray bars). An increase was observed in all the TG species monitored, suggesting no species specificity of the phenotype (Fig. 8 and supplementary Tables I, II) . Furthermore, because mass spectrometry 14 C]acetate labeling, lipids were separated on a TLC plate. A close-up of the storage lipid region from the lipid profiles obtained after TLC is shown. Intensities were normalized to the level of PC. The light-gray profile represents the mock-transfected negative control, the dark-gray profiles, the effect of siRNAs O1, N1, and N3 targeting JNK2, showing no phenotype, and the black profiles, the effects of siRNAs O2, O3, and N2 targeting JNK2, showing an increase in TG level. The siRNA N2 shows in addition an increase in the signal corresponding to the upper band, CE, recognizable here by the shoulder in the TG peak. B: HeLa cells were fed with oleate and radioactive oleate 4 h after siRNA transfection. Lipids were extracted 48 h after transfection and separated by TLC. The radioactive signal was revealed by autoradiography. siRNAs used for transfection are indicated on the figure. A pool of the three sequences from the screen (Op) was used for JNK2. A duplicate is shown for each condition. C: HeLa cells were treated with 5 mM SP600125 in DMSO (black curves) or with DMSO alone (grey curves). After 14 C labeling, lipids were separated on a TLC plate. A close-up of the storage lipid region from the lipid profiles obtained after TLC is shown. Intensities were normalized to the level of PC.
does not require any labeling, these data demonstrate that the phenotype reflects the status of the entire TG pool of the cell and not only an increase in newly synthesized TG.
JNK2 is implicated in the regulation of lipolysis
An increase in TG can result either from an increase in lipid biosynthesis or import, or from a decrease in its degradation. Therefore, we used the general lipase inhibitor NBD-HEP (31) in combination with our knock-down assay. By blocking the lipase, NBD-HEP induced a strong increase in the TG level (Fig. 9, gray lines, 1inhibitor) . However, although in the absence of an inhibitor, the increase in TG was observed as seen previously in the JNK2 knock-down (Fig. 9 , black vs. gray lines, no inhibitor), no difference was seen between the knock-down and the control after inhibitor treatment (Fig. 9 , black vs. gray lines 1inhibitor). This suggests that JNK2 affects lipase activity and has little or no effect on TG synthesis.
Sty1, a functional JNK2 homolog in S. pombe
To further confirm the specificity of the phenotype and the role of JNK2 in the regulation of TG metabolism, a JNK2 homolog in S. pombe was analyzed. Gene deletion in yeast is an established technique and it is therefore possible to study the effect of gene knock-out in that organism, a system much less prone to off-target effects. In contrast to human cells, S. pombe contains only one stress-activated MAPK, named Sty1 (32) . Like JNK2, it is activated upon glucose deprivation (33, 34) . Furthermore, complementation studies of the homolog of Sty1 in Saccharomyces cerevisiae, Hog1, showed that both mammalian JNK and p38 kinases, the two subfamilies of stressactivated MAPKs, could partially substitute for the loss of Hog1 (35, 36) .
To investigate the regulatory function of Sty1 in TG metabolism, the accumulation of lipid droplets in the Sty1 deletion strain JM1160 was visualized. For this purpose, cells Fig. 7 . Effect of JNK2 knock-down on the accumulation of lipid droplets. A431 cells were either untransfected, mock-transfected, or transfected with S5 or JNK2 siRNAs, as indicated. After 48 h, medium was replaced by a medium containing delipidated serum (DL) or a medium supplemented with oleate (oleate). Twenty-four hours later, cells were fixed, stained for neutral lipids with BODIPY 493/503, and imaged by confocal laser scanning microscopy. were labeled with the hydrophobic dye Nile Red, previously used in yeast to label lipid droplets (37, 38) . As shown in Fig. 10 , there is a strong increase in lipid droplet staining using Nile Red in the Sty1 deletion strain compared with the corresponding wild-type strain, suggesting a functional homology between the mammalian and the yeast protein.
DISCUSSION
Dysregulation of lipid metabolism is a major cause of some of the most common diseases in our societies. Understanding its molecular basis and identifying the players of this process are therefore major challenges for the identification of new potential drug targets. To this end, a screening procedure was developed that allows delineation of the implication of some genes in the maintenance of lipid homeostasis. This method is based on a combination of RNAi and lipid analysis by TLC, and has proven to be successful for observing alterations of lipid composition upon specific siRNA treatment. Using TLC as a read-out system, modifications can be observed in all lipid classes. However, most phenotypes affect cholesterol, CEs, and TGs. These lipids, more subject to variation in the human body upon changes in diet or health status, may be similarly more subject to variation in cells, whereas the pool of glycerophospholipids, probably because of their more structural role, is tightly regulated. In particular, several siRNAs induced a decrease in cholesterol and the appearance of an additional lipid band, presumably lanosterol or demethyllanosterol. This phenotype suggests that in addition to the known regulation of cholesterol biosynthesis at the level of HMG-CoA reductase (39), there is another major regulatory step at the level of these methylated sterols. Accordingly, it has recently been shown that lanosterol is instrumental in the downregulation of HMG-CoA reductase, promoting its regulation and degradation (40) .
During our screen, a high proportion (15%) of kinase knock-downs gave rise to a phenotype. Although this number may seem high, other screens targeting kinases and phosphatases generated similar or even a higher number of hits (41, 42) . Pelkmans et al. (42) showed that this high proportion of hits was intrinsic to the targeting of kinases, probably owing to their implication in a wide range of cellular processes. Interestingly, among the siRNAs affecting cholesterol metabolism that scored in our screen, siRNAs targeting IKK1, CSF1R, TRIO, and ATR were also shown to affect endocytosis in this previous screen, confirming the important role for cholesterol in this process.
However, the high number of phenotypes observed in the present screen could also result from a relatively high occurrence of off-target effects, as our results suggest. It was initially proposed that only genes showing a perfect complementarity to an siRNA would be targeted, and mismatches of just one nucleotide would be sufficient to disrupt this effect (13) . However, more recently, several reports have suggested that this rule is not always applicable and that expression of several unintended genes is also affected upon the use of a given siRNA (26, (43) (44) (45) . One possibility could be that siRNA molecules can be processed in the cells similarly to the endogenous microRNAs, inducing translational repression or even mRNA degradation of genes showing only partial complementarity to a given siR-NA (46) (47) (48) . Similar effects have also been reported in screens performed previously (43, 44) . Several miRNAs have been implicated in the regulation of lipid metabolism (9) (10) (11) (12) . It is possible that several genes implicated in lipid homeostasis are targets of miRNAs and would therefore be more sensitive to unintended downregulation by siRNA (49, 50) . However, improved siRNA design, which further restricts complementarity between siRNAs and unintended targets, should decrease the occurrence of offtarget effects in later screens.
Despite the off-target problems encountered in the screen, we identified JNK2 as a new regulator of lipid droplet metabolism. Four independent siRNAs targeting JNK2 showed a consistent increase in TG upon RNAi. The increase in TG could be confirmed by both TLC and mass spectrometry. Furthermore, a similar phenotype was observed using an inhibitor of JNK. This effect was also coupled to an increase in lipid droplets, as observed by BODIPY 493/503 staining upon JNK2 knock-down.
To further confirm the specificity of the phenotype, a homolog of JNK2 in S. pombe, Sty1, was also analyzed. Deletion of this gene induced both an increase in TG and an increase in lipid droplets. Together, these data suggest that both JNK2 and its S. pombe homolog, Sty1, are implicated in the regulation of TG and lipid droplet metabolism.
It should be noted that in another study (51) , treatment with siRNA against JNK2 did not result in a phenotype of increased lipid droplets. However, this study was performed with a single siRNA sequence only, using oleate feeding conditions instead of low-lipid conditions, and in a different cell line (NIH-3T3), each of which can explain the difference in our findings.
Previous works with knock-out mice have shown an implication of JNK2 in two lipid-related pathologies, obesity and atherosclerosis (52, 53) . Total JNK activity is enhanced by obesity (54) . This appeared to be mostly due to JNK1, because it was not observed in highly fed JNK1 knock-out mice. Moreover, JNK1 knock-out mice were resistant to obesity, whereas JNK2 knock-out mice did not show any obesity-related phenotype (54) . However, crossing these mice, Tuncman et al. (52) showed that the offspring with the phenotype JNK1 1/2 JNK2 2/2 were also resistant to obesity, suggesting that the implication of JNK2 in fat accumulation was masked by JNK1 activity in the single knock-out. Another major disease that can arise from dysregulation of lipid metabolism is atherosclerosis. Activation of JNK2 was observed in atherosclerotic lesions, in both mice and humans (53, 55) . Deletion of JNK2, but not JNK1, in an atherosclerosis mouse model decreased the occurrence of the lesions (53) . This appeared to be the result of a decrease in LDL internalization by macrophages, following defective phosphorylation of scavenger receptor A, one of the main receptors for modified LDL, and a concomitant decrease in foam cell formation (53) . However, because in our assay the phenotype is also observed in delipidated conditions, JNK2 must also influence TG metabolism directly at the intracellular level, either via inhibition of TG synthesis or by promoting its degradation. JNK proteins and their S. pombe homolog, Sty1, are activated upon glucose depletion (33, 34) . Under these conditions, cells need to obtain their energy from other sources, such as TG. Interestingly, upon activation of Sty1, several genes involved in peroxisomal b oxidation are upregulated (56) , suggesting the implication of the kinase in energy metabolism. Our data show that upon inhibition of lipase activity, no further increase in TG could be observed in the knock-down of JNK2. We can therefore conclude that the kinase does not influence the biosynthesis of TG, but rather its degradation via modulation of lipase activity. In adipocytes, TNFa has been shown to induce lipolysis in a JNK-dependent fashion (57) via downregulation of perilipin expression, a lipid droplet-associated protein thought to modulate the access of the lipases to the lipid droplet surface (58). Perilipin is not expressed in nonadipose tissues, but a similar mechanism could take place with a yet-unidentified lipid droplet protein.
Further analysis of the implication of JNK2 in lipid droplet metabolism will be required to fully understand its implication in TG lipolysis. Nevertheless, JNK2 appears to be an interesting drug target, not only for the treatment of atherosclerosis (59) (60) (61) , but also in the treatment of other lipid-related diseases.
